Populations carry a genetic signal of their demographic past, providing an opportunity for investigating the processes that shaped their evolution. Our ability to infer population histories can be enhanced by including ancient DNA data. Using serial-coalescent simulations and a range of both quantitative and temporal sampling schemes, we test the power of ancient mitochondrial sequences and nuclear single-nucleotide polymorphisms (SNPs) to detect past population bottlenecks. Within our simulated framework, mitochondrial sequences have only limited power to detect subtle bottlenecks and/or fast post-bottleneck recoveries. In contrast, nuclear SNPs can detect bottlenecks followed by rapid recovery, although bottlenecks involving reduction of less than half the population are generally detected with low power unless extensive genetic information from ancient individuals is available. Our results provide useful guidelines for scaling sampling schemes and for optimizing our ability to infer past population dynamics. In addition, our results suggest that many ancient DNA studies may face power issues in detecting moderate demographic collapses and/or highly dynamic demographic shifts when based solely on mitochondrial information.
Introduction
The history of a population can be estimated from the genetic signatures left by past demographic trends. This provides a useful framework for examining the processes that shaped the population over time and to determine the impacts of factors such as climatic change and anthropogenic disturbance (e.g., Shapiro et al. 2004; Lorenzen et al. 2011) . However, events such as bottlenecks can erase genetic signals, making it difficult to resolve past population dynamics (e.g., Johnson et al. 2007; Heled and Drummond 2008) .
The recovery of ancient DNA (aDNA) sequence information offers the opportunity to follow variation in population genetic diversity through serial time slices, considerably improving our ability to detect historic bottlenecks and/or follow past migration trajectories (Anderson et al. 2005) . So far, with a few notable exceptions (Nystrom et al. 2010) , most aDNA studies have used the molecular diversity of short partial mitochondrial sequences as a proxy for effective population size (Shapiro et al. 2004; Debruyne et al. 2008; Valdiosera et al. 2008; Campos, Willerslev, 2010; Prost et al. 2010; Lorenzen et al. 2011) . This is mostly due to the fact that aDNA extracts contain more copies of organellar genomes than nuclear genomes per cell, thus improving the likelihood of successful polymerase chain reaction amplification. However, the emergence of nextgeneration sequencing, in particular coupled with targetenrichment methods, enables the assembly of larger aDNA data sets, including complete mitogenomes (Gilbert et al. 2008; Briggs et al. 2009; Stiller et al. 2009 ) and genome-wide nuclear single-nucleotide polymorphism (SNP) genotyping (Burbano et al. 2010; Green et al. 2010; Rasmussen et al. 2010) .
Even though past population trajectories can be inferred from individual whole-genome sequences (Li and Durbin 2011) , shotgun sequencing of whole palaeogenomes from bones and teeth remains prohibitive due to the dominance of exogenous DNA in the material (Poinar et al. 2006; Orlando et al. 2011 ). This often limits sequence coverage to low depth, although there are some exceptions, in particular when hairs rather than bones and teeth are used as a primary source of DNA material (Rasmussen et al. 2010; Rasmussen et al. 2011) . Hence, capture methods that target predefined loci will play a critical role in delivering nextgeneration aDNA data sets and reconstructing population histories.
Reduction in population size generates specific patterns of nucleotide variation compared with equilibrium. Hence, past bottlenecks can be inferred from summary statistics detecting deviation to neutrality (Tajima 1989; Fu and Li 1993; Fu 1996) . Recent bottlenecks may be further deduced from shifts in allele frequencies and in particular the loss of low-frequency alleles over time (Luikart et al. 1998 ). Alternatively, population size can be assessed on the basis of full likelihood estimations using maximum likelihood or Bayesian analysis (Wilson et al. 2003; Kuhner 2006) , or by comparing the marginal posterior probabilities of different models of population dynamics (Cornuet et al. 2008) . In addition to these approaches, it is possible to detect past bottlenecks using skyline-plot methods, which reconstruct population history based on a phylogenetic approach.
These methods use the coalescent theory to describe the relationship between population size and the coalescence times in an estimated genealogy (Pybus et al. 2000) . A number of skyline-plot methods are available, including a number that have been implemented in a Bayesian phylogenetic framework (for a recent review, see Ho and Shapiro 2011) . Some skyline-plot methods are able to accommodate heterochronous data (Pybus et al. 2000; Drummond et al. 2005) .
Here, we aim to provide a framework for guiding experimental sampling design, in terms of the number and distribution of samples and loci, to improve the power to detect past bottlenecks. Of particular importance, because of the diversity of molecular methods available for generating ancient mitogenome sequences (Ho and Gilbert 2010) , we evaluate how complete mitogenomes perform in comparison with shorter mitochondrial hypervariable sequences or larger nuclear SNP data sets. First, we use coalescent-based simulations to estimate the power to detect bottleneck events of different magnitudes using a range of sample sizes, sampling schemes, and mitochondrial markers of different length. We then use the coalescent simulation program COMPASS (Jakobsson 2009 ) to determine a minimal number of samples and/or nuclear SNPs that are needed to maximize the likelihood to detect such events.
Materials and Methods

Parameter Settings
By rescaling generation times and mutation rates, we mimic three different types of mammalian species in our simulations. In addition to humans, we have chosen to mimic rodents and cetaceans, representing the upper and lower boundaries of mammalian mitochondrial mutation rates, respectively (Nabholz et al. 2008) . Mitochondrial simulations mimicked a 250 and 750 bp sequence of the control region, which covers the typical sequence length of most published aDNA population-level data sets, and the whole mitogenome.
A substitution rate of 1.56% per million years for the complete human mitochondrial genome was adopted directly from Briggs et al. (2009) . For the cetacean mitogenome, we have used 0.3% (all rates in percent per site per million years), which lies between the lowest estimate from one study of seven killer whale mitogenomes (0.31%) (Jackson et al. 2009 ) and a more recent study of 143 complete killer whale mitogenomes (0.26%) (Morin et al. 2010) . These estimates fit remarkably well with the estimate derived by dividing the substitution rate for third codon positions (Nabholz et al. 2008 ) by three (0.23%) (Morin et al. 2010) .
We considered the mouse mitogenome substitution rate as 7.43%, which is a third of the mouse/rat rate estimate from third codon positions (Nabholz et al. 2008) (22.3%) . In effect, the rodent rate is thus 4.8 times higher than the human rate, which in turn is 5.2 times higher than the cetacean rate. Reported substitution rates of the human control region range from early estimates of 2-4% (Cann et al. 1987) , through estimates of 20-30% from Bayesian phylogenetic analyses (Endicott and Ho 2008) , to 95% estimated directly in pedigree studies (Howell et al. 2003) . Koh et al. (2000) argued that the substitution rate for the mouse control region could be anywhere between 2% and 14%, hence possibly lower than our estimate for rodent complete mitogenome. Support for the lower estimates comes from a more recent study of three mouse species, which suggested a rate of 2% (with a generation time of 0.5 years) (Geraldes et al. 2008) .
For the cetacean control region, we used an estimate from bowhead whales of 1.8% (Rooney et al. 2001) . We observe that the cetacean control region mutation rate is six times higher than the mitogenome rate, and that an average rate estimate for the human control region (Endicott and Ho 2008 ) is more than 16 times higher than that for the mitogenome. In contrast, even the highest estimate of mouse control region is only twice that of the mitogenome. Hence, little consistency is found in the ratios between control region and mitogenome estimates. As the aim of the non-human like simulations is to mimic small, fast-reproducing, and fast-evolving mammals, as well as big, slow-reproducing, and slow-evolving mammals, we chose our parameters accordingly. Therefore, we adopted an approach in which the mitogenome rate estimates were used as starting points; for each species, three different control region rates were used, corresponding to two times (figs. 2 and 3, ''L'' columns), six times (figs. 2 and 3, ''M'' columns), and 16 times (figs. 2 and 3, ''H'' columns) that of the mitogenome. This enabled us to explore the whole range of possible values for mutation rates.
For the human control region, an average transition/ transversion (ts/tv) bias of 21.8 from three human data sets analyzed with the K80 þ G model (Excoffier and Yang 1999) was converted to a (ts/[ts þ tv]) value of 0.9561. From the same data set, we adopted an average value of 0.3 for the shape parameter of gamma-distributed rates among sites (Excoffier and Yang 1999) . For the complete mitogenome, a ts/tv of 14.9 reported by Briggs et al. (2009) was converted to 0.9371 ts/(ts þ tv), and a value of 0.18 for the shape parameter of gamma-distributed rates among sites was used for our human mitogenome simulations. A study on baleen whales reported large differences in both ts/tv biases and among-site rate heterogeneity in different species (Alter and Palumbi 2009) , and we decided to use human parameter values for both rodent and cetacean simulations.
Simulated Scenarios
We simulated two types of bottleneck scenarios (slow and fast recovery) ( fig. 1A ) with bottleneck intensities of 0.5, 0.8, 0.9, and 0.95. In both scenarios, bottlenecks appeared instantly at 26 thousand years ago (kya), and recovery was either initiated immediately to recover fully by 19 kya (fast recovery) or began at 19 kya to recover fully at the present (slow recovery). These temporal settings were intended to roughly mimic the last glacial maximum from 26.5 to 19 kya Mourier et al. · doi:10.1093/molbev/mss094 MBE (Clark et al. 2009 ). Generation times were set to 25, 25, and 0.5 years for humans, cetaceans, and rodents, respectively. Deme sizes of 1k, 10k, and 50k individuals were simulated for each of the three organisms. We have used samples size of 5, 10, 20, 25, 50, 100, and 200 from each temporal sampling time (Modern; Holocene and Pleistocene; fig. 1A ). This sampling depth should provide a reasonable coverage of the range displayed by most aDNA population studies reported so far (Orlando et al. 2002; Knapp et al. 2009; Lorenzen et al. 2011) as well as future next-generation sequencing studies.
For the SNP simulations, COMPASS (Jakobsson 2009 ) was run with fixed numbers of 10, 25, 50, 100, 250, 500, and 1,000 segregating sites. Hence, estimates of mutation rate were not used for these simulations. Sample sizes and bottleneck scenarios were as in the coalescent simulations. As similar generation times were used for humans and cetaceans, our nuclear SNP simulations are equivalent for both taxonomic groups; only human simulations are presented.
Assessment of Power
For each scenario, 10,000 simulations were run with the exception of sample sizes of 100 and 200, for which only 1,000 simulations were run due to extensive computational time. The power to distinguish between a given bottleneck scenario and a constant-size scenario was assessed for three different summary statistics: nucleotide diversity, haplotype diversity, and Tajima's D (Tajima 1989 ). Similar to Ramakrishnan et al. (2005) , power was defined as the proportion of bottleneck simulations falling outside the 5th percentile (for nucleotide and haplotype diversity) or the 95th percentile (for Tajima's D) of the corresponding constant-size scenario simulations ( fig. 1B ).
Skyline Plots
We investigated the ability of skyline-plot methods to reconstruct a past population bottleneck. For each of the scenarios described in the text, 1,000 genealogies were simulated using the software Bayesian Serial SimCoal (Anderson et al. 2005) . For computational tractability, we chose to use the classic skyline plot to reconstruct population history directly from the simulated genealogies, without simulating sequence evolution as an intermediate step. In effect, this is an idealized situation in which we have perfect knowledge of the genealogy, including the coalescence times (i.e., phylogenetic error is negligible). This contrasts with the approach that would need to be taken when analyzing real data, for which we would first need to use a phylogenetic method to infer the genealogy from a sequence alignment.
To investigate the strength of the signal recovered, we simulated human genealogies for scenarios similar to the above. For each of the 1,000 genealogies simulated for each scenario, a classic skyline plot was produced using the software Genie v3.0 (Pybus and Rambaut 2002) . A custom Java application was used to summarize the demographic estimates from the 1,000 replicates. Specifically, the mean and central 95% of the population-size estimates was calculated at 1,000 evenly spaced time points between 0 and 50,000 years before present. These were used to generate a summary skyline plot for each scenario.
Results and Discussion
Mitochondrial Simulations
Several major conclusions can be drawn from the mitochondrial simulations. The Tajima's D test is highly suitable for testing deviation from neutrality but appears rather inefficient in detecting post-bottleneck recoveries in our simulated scenarios. Even with extensive sequence data sets consisting of .100 ancient sequences, the probabilities to discriminate demographic declines from stationarity reach 83% at best ( fig. 2 and supplementary fig. S2 , Supplementary Material online). There was better performance in the other summary statistics tested, among which haplotype diversity provides the highest power to detect historic bottlenecks for all human-like and cetacean-like populations. The same holds true for rodent-like populations, although for large populations (here, 50,000 individuals), we find that nucleotide diversity performs slightly better in cases where only a small number of individuals (five to ten) dating from after the demographic event are incorporated Dates are fixed for all simulations, whereas population sizes and bottleneck intensities vary (kya 5 thousands of years ago). Modern (0 kya) as well as ancient (12 kya and/or 27 kya) sequence data sets of different sizes (5-200) were generated using serial-coalescent simulations. An instantaneous bottleneck of different magnitude intensities (50%, 80%, 90%, and 95%) was assumed at the onset of the last glacial maximum (LGM) period in Europe (26 kya). In the ''fast recovery'' model, the population then grew exponentially and returned to its initial effective size by 19 kya (i.e., the end of the LGM). In the ''slow recovery'' model, the initial population size was restored only at the present. A constant-size population was simulated as a null alternative. (B) The power to detect past bottlenecks (hatched area) is defined as the fraction of bottleneck simulations that fall outside the 5th or 95th percentiles (if summary statistics decrease or increase with bottlenecks, respectively) of the no-bottleneck simulations (green area). MBE to the sampling scheme ( fig. 2 ; Supplementary Material online). Figure 3 shows the results for the three simulated human population sizes using haplotype diversity as summary statistics. As found by Ramakrishnan et al. (2005) , the inclusion of aDNA data generally improves statistical power, although the benefit declines with increasing human population sizes (fig. 3) . Sampling schemes providing data after (here, referred to as Holocene) and/or before (here, referred to as Pleistocene) the population bottleneck event perform best and in many cases appear instrumental for detecting the demographic event. Notably, subtracting summary statistics from two time bins postdating the time of the bottleneck (here, modern and Holocene periods) reduces power markedly, whereas merging these samples within a unique time bin would improve the power to detect past bottlenecks (as it would result in doubling the size of the sample). In contrast, subtracting summary statistics from two time bins preceding and following the bottleneck (here, Pleistocene and Holocene, respectively) provides higher power to detect past bottlenecks than modern samples do. Interestingly, with very few exceptions, sampling ancient individuals both pre-and post-bottleneck do not perform better than sampling ancient individuals just post-bottleneck as long as haplotype diversity is used as a summary statistics. This is important because it suggests that the number of samples required, hence the experimental load associated with the analyses, could be reduced with no significant reduction in power.
Strikingly, only severe bottlenecks (magnitude of 80% or above) followed by a slow demographic recovery are detectable with high power, suggesting that current mitochondrial data sets would be limited in identifying subtle or highly dynamic changes in past population demographic trajectories, especially for small population sizes of 1,000-10,000 individuals ( fig. 3; supplementary fig. S2 , Supplementary Material online); this is true regardless of marker length. Except for populations with small effective sizes (here, 1,000 individuals), partial mitochondrial sequences from .20 individuals would show quite good performance in detecting past demographic declines of .80% of the population when followed by a slow demographic recovery. In the specific case where the demographic decline occurred at the LGM and was followed by a fast recovery phase, the mitochondrial DNA shows limited power even when events of an extreme magnitude or large sample sizes are considered (supplementary fig. S2 , Supplementary Material online). This is particularly true for the rodent-like population (supplementary fig. S2 , Supplementary Material online) for which all sampling schemes and experimental designs tested show, at best, a 70% chance of detecting extremely severe bottlenecks of 95% magnitude.
Notably, assuming a relatively high mutation rate for the human control region, the power gained by sequencing whole mitogenomes compared with partial control region sequences is negligible. However, whole mitogenomes are superior to the control region for small (up to 10k individuals) cetacean-like and rodent-like populations, unless the control region mutation rates are high (Supplementary  Material online) . Surprisingly, in some cases, the power to detect bottlenecks decreases with longer sequences (figs. 2 and 3; supplementary fig. S1 , Supplementary Material online). In principle, gathering more information should decrease the variance of the summary statistics, which in turn should provide better resolution between bottleneck and no-bottleneck scenarios. Importantly, the decrease in power is only observed for haplotype diversity, which provides a measure of the uniqueness of a particular haplotype in a given population and hence is calculated per sequence. This statistic is dependent on the absolute number of mutations present in a given sequence. Assuming a constant molecular clock, longer sequences will exhibit more differences than shorter sequences, reducing the expected shift in haplotype diversity after a demographic bottleneck and reducing the power to distinguish a bottleneck scenario from a constant-size scenario. Likewise, it follows that for sequences of similar length, haplotype diversity will be more limited in power for detecting past demographic bottlenecks at high than low mutation rates. This is not the case when nucleotide diversity is used, as the latter is calculated per site and is therefore proportionally scaled to the mutation rate. An example of this phenomenon is illustrated in supplementary figure S1 (Supplementary Material online).
SNP Simulations
Results for human SNP simulations using haplotype diversity as summary statistic are shown in figure 4. All other SNP simulations are provided as supplementary material (supplementary fig. S3 , Supplementary Material online). In contrast with the mitochondrial simulations, bottlenecks with fast recoveries are detectable with high power (for magnitudes of 80% or above), even for moderate sample sizes (e.g., 20 specimens and 500 SNPs). However, 50% bottlenecks are still detected with relatively low power except for small populations and very large data sets (.1,000 SNPs from .100 samples), consistent with previous findings (Adams and Hudson 2004; Myers et al. 2008) . With larger human populations, the power to detect bottlenecks decreases.
For all human and large rodent populations, haplotype diversity provides the highest power of the three summary statistics. On the other hand, for small (1k and 10k) rodent populations, higher power could be achieved using nucleotide diversity at low sampling densities (five to ten individuals). Most importantly, for rodents, the power achieved with nucleotide diversity is driven by the number of SNPs considered rather than by the number of samples considered (supplementary fig. S3 , Supplementary Material online). For rodents, the inclusion of ancient data provides increased power in the majority of simulations. The situation was remarkably different for human-like populations where modern data sets alone show performance comparable to the one achieved with serial data sets, except for populations of extremely reduced sizes and bottleneck of moderate intensity (here, 1,000 individuals and 50%, 1k   10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500 Fast recovery Slow recovery 1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25  100  500  10  50  250  1000  25 100 500
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FIG. 4.
Power estimates using nuclear SNP simulations of human populations with three different population sizes and with haplotype diversity as summary statistic. Colors and general layout are as in figures 2 and 3, with the exception that a range of 10-1,000 segregating sites was considered.
Detecting Past Population Shifts · doi:10.1093/molbev/mss094 MBE respectively). Notably, for the nuclear SNP simulations, we additionally conducted the R 2 test for population growth (Ramos-Onsins and Rozas 2002) . This performed slightly better than Tajima's D, better than nucleotide diversity for large human populations, but in general still worse than haplotype diversity (supplementary fig. S3 , Supplementary Material online).
Sampling Schemes
Our simulated scenarios suggest that in order to detect a past bottleneck with an intensity of 80% and slow recovery in a human population of 10k individuals with a power of nearly 1 (i.e., a very high degree of certainty of successful detection), one would require a minimum of 50 Holocene mitochondrial sequences (the length of sequence needed MBE depends on the control region mutation rate) or 20 modern samples with 250 SNPs. In both cases, haplotype diversity should be the preferred summary statistic among the ones tested here. Another advantageous strategy, not explored here, would be to consider the whole frequency spectrum because it would bring more information and capture more details about the population history than just single summary statistics. Detecting a 50% bottleneck with slow recovery in a similar population with maximum power is only achievable with .1,000 complete mitogenomes sampled just after the bottleneck ( fig. 3 ) or with nuclear SNPs, in which case .50-100 ancient samples with 500-1,000 SNPs are required (fig. 4) . For a similar rodent population, the 80% bottleneck can be detected using 20-50 Holocene complete mitogenomes or only 5 Holocene and 5 Pleistocene samples with 25 SNPs, in both cases using nucleotide diversity. The 50% bottleneck, followed by a slow demographic recovery, is detectable with a minimum of 50 Holocene and 50 Pleistocene samples with .500-1,000 SNPs, and haplotype diversity should be used for this. Detecting the same type of bottleneck, but this time followed by a fast recovery, would require .100 individuals sampled both before and after the bottleneck and a similar number of SNPs.
Detecting the Bottleneck Signal Using Skyline Plots
We also tested the power of skyline plots to reconstruct past population bottlenecks. Consistent with the simulations described above, this approach shows that signal strength increases with higher bottleneck intensity, slow recovery, and smaller population sizes. Furthermore, the inclusion of ancient data provides little gain in strength for populations of 10 and 100k individuals ( fig. 5 ; supplementary fig. S4 , Supplementary Material online). For small population sizes, a marked artifact of the temporal sampling is apparent ( fig. 5A ), in which artifactual demographic shifts are inferred at the time of sampling rather than at the time of the bottleneck event itself as illustrated in the simulated scenarios where the Pleistocene sampling has been performed at 40 kya rather than 27 kya ( fig. 5 ). This particular bias could be avoided by designing a sampling scheme spanning a long time period rather than selecting samples of similar age.
Conclusion
In conclusion, our simulations show that moderate bottlenecks, and bottlenecks after which the population recovers relatively quickly, are almost indistinguishable from a corresponding scenario with no bottleneck using mitochondrial markers, unless sequence data sets of extensive sizes and appropriate sampling schemes are considered. Sampling individuals just postdating the bottleneck, and in a number of situations even predating the bottleneck, are essential to achieve appreciable power from mitochondrial markers, especially for small populations. Nuclear SNPs provide much higher power to detect bottlenecks with fast recoveries, although moderate bottlenecks are generally detected with relatively low power. Simulations reveal divergent trends for the different organisms mimicked by our parameter settings, and population size and generation time of the organism of interest should be considered in the sampling strategy.
It should be stressed that our simulation framework represents an ideal situation with no confounding factors, such as population structure (Wakeley 1999; Beaumont 2004) and ascertainment bias (Chikhi 2008; Romero et al. 2009 ), both of which are known to impact our ability to detect past population shifts. Real data would most often deviate from these assumptions because individuals from different population backgrounds are often genotyped for markers that have been described to be polymorphic in DNA sample panels of limited size. As a result, the true extent of the genetic diversity outside the panel could be underestimated (Romero et al. 2009 ) and rare alleles could be missed, thereby mimicking one genetic signature of demographic declines (Albrechtsen et al. 2010 ). In addition, natural populations are generally part of a spatial network of subpopulations interconnected through different levels of gene flow, and simulations under a stationary demography have shown that population structure can generate spurious signal of demographic bottlenecks (Chikhi et al. 2010 ). This suggests that our estimates of power most likely provide upper estimates of what can be achieved in real situations, where a bottleneck signal can result from either a range contraction or a shift from an ancient and fragmented network of populations to a more homogenized situation (Wakeley 1999) . Interestingly, while little information was gained from the inclusion of ancient sequences in some of our simulations, sampling ancient populations would still prove critical for disentangling true demographic contractions from changes in population structure, as already suggested by Chikhi et al. (2010) . Ancient sampling remains absolutely critical in a number of additional situations, such as in studies of highly endangered (Campos, Kristensen, et al. 2010) or extinct species (Barnett et al. 2009 ). In addition, in cases where admixture has occurred in recent times, as frequently observed among human populations and domestic breeds, retrieving ancient samples is instrumental in elucidating population origins and demographic trajectories.
The statistical framework presented here is not tied to a single population history and can be used for testing almost any type of demographic and/or migratory trajectory. For this reason, we believe that it provides a simple, economic, and effective way to help aDNA researchers in designing a sampling scheme that would minimize sample destruction and maximize the power to discriminate among different population scenarios.
Supplementary Material
Supplementary figures S1-S4 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals. org/).
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